Introduction
============

Chemotherapy is a major cancer treatment strategy [@B1]-[@B3]. However, mono-drug chemotherapy has limitations in clinical practice, such as drug resistance, systemic toxicity and tumor recurrence [@B4], [@B5]. To overcome these limitations, combination chemotherapy, the simultaneous administration of multiple therapeutic agents, has been routinely exploited and implemented in the clinic [@B6], [@B7]. Unlike monotherapy, combination chemotherapy can modulate different signaling pathways in cancer cells, elicit synergetic responses and maximize the therapeutic effect [@B8], [@B9]. For instance, doxorubicin (DOX) and cisplatin can produce a synergetic anticancer effect *via* distinct interference of DNA activity. Cisplatin can covalently bind to DNA purine bases, forming intra- or inter-strand cross-links on DNA, thus inhibiting its cellular transcription and triggering tumor cell apoptosis [@B10], while DOX binds to DNA-associated enzymes, intercalates with DNA base pairs, and targets multiple molecular targets to produce a range of cytotoxic effects [@B11]. Indeed, the co-administration of DOX with cisplatin has been shown to improve the therapeutic efficacy in different types of cancers [@B8], [@B9], [@B12]-[@B14]. However, the administration of combination regimens as drug cocktails is frequently associated with varying pharmacokinetics and a lack of site-specific accumulation and delivery of the drugs [@B8], [@B15], [@B16]. Moreover, to achieve the optimal synergistic effect, the ratio of co-administration drugs is also a key factor. For example, CPX-351, a liposomal formulation of daunorubicin and cytarabine demonstrated an optimized synergistic therapeutic effect on acute myelocytic leukemia (AML) in clinical at a 1:5 molar ratio (corresponding to 5 mg/kg cytarabine and 2.2 mg/kg daunorubicin) [@B17]. Therefore, it is highly desirable, albeit challenging, to rationally design an appropriate drug carrier to achieve simultaneous multi-drug loading, unify the pharmacokinetics of each drug, achieve targeted delivery, and thus realize the maximum synergistic effect of the loaded drugs with minimal side effects. With progress in cancer theranostics in recent years, nanomaterials have demonstrated many advantages as drug carriers, including better drug solubility, improved pharmacokinetic and pharmacodynamic properties, minimized side effects, and site-specific delivery through the enhanced permeability and retention (EPR) effect [@B18], [@B19]. Moreover, it has been reported that thermal treatment can largely augment cocktail chemotherapeutic efficacy and trigger an autoimmune response [@B20], [@B21]. Therefore, the combination of photothermal therapy (PTT) along with therapeutic agents has recently attracted extensive attention in the field of cancer treatment [@B22], [@B23]. In this context, drug delivery systems based on PTT agents have been intensively explored, but most have only loaded single hydrophilic or hydrophobic drugs [@B24]. Multidrug delivery systems have also been developed, but some have exhibited a relatively low loading efficiency because the loading of one drug frequently reduced the quantity of another drug [@B25]. Moreover, owing to the complicated structures of these systems, their fabrication is often complex. Therefore, it is desirable to develop a readily prepared nano-vehicle that can efficiently load multiple chemotherapeutic agents (e.g., DOX and cisplatin) while simultaneously serving as a PTT agent.

Since the major tissue chromophores and blood show minimum absorption in the near-infrared (NIR) range (650-900 nm) [@B26], nanomaterials such as gold nanorods, cages, and spheres [@B22], [@B27]; carbonaceous nanomaterials [@B28], [@B29]; and polymeric nanostructures [@B21], [@B30] with good absorption in this spectral region have been widely explored for PTT. Among various carbonaceous materials, single-walled carbon nanohorns (SWNHs) are advantageous for drug loading and have strong potential for chemo-photothermal combination therapy owing to their unique structure and properties. A SWNH is a horn-shaped, single-walled graphitic tubule with a conical tip of 2-5 nm in diameter and 40-50 nm in length [@B31]. This closed-tip nanotube possesses larger inner voids and can be filled with suitable drugs ranging from small molecules to proteins. SWNHs do not exist individually but \~2,000 SWNHs assemble, through van der Waals forces, to form a "dahlia"-like aggregate with a diameter of about 50-100 nm, which is expected to exert an enhanced EPR effect that makes SWNHs effective for the passive delivery of drugs to tumors [@B32], [@B33]. In addition to this, SWNHs have high purity and are free of toxic metallic impurities, making them biocompatible and safe for*in vivo* application. Furthermore, SWNHs have strong absorption in the NIR region (700-900 nm), with a high photo-thermal conversion efficiency, thus positioning them as a suitable candidate for PTT [@B5], [@B34].

Moreover, photoacoustic imaging (PAI), a high spatial resolution and deep bio-tissue penetration imaging technology, can offer three-dimensional images of tumor tissues in preclinical research and clinical applications [@B35], [@B36]. Because the acoustic signal is generated by thermal expansion, SWNHs might also be viable photoacoustic contrast agents, thus allowing real-time monitoring of the delivery of therapeutic agents to the tumor site and offering visible guidance in PAI-mediated cancer therapy [@B37].

Therefore, in the present study, we rationally designed and fabricated a highly potent chemo-photothermal theranostic system by sequentially loading DOX and cisplatin onto dual polymer-modified SWNHs (Scheme [1](#SC1){ref-type="fig"}). The dual chemodrug-loaded system, termed SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt, exhibited a pH-responsive, tandem, and sustainable drug release and showed high accumulation in both primary tumors and their metastases through the EPR effect. As a result, chemo-photothermal combination therapy guided by PAI completely ablated primary tumors and simultaneously eradicated their metastases in the lung.

Results and Discussion
======================

Synthesis and Characterization of Dual Chemodrug-Loaded SWNHs
-------------------------------------------------------------

The pristine SWNHs were hydrophobic with an average diameter of 77.2 ± 14.3 nm (Figure [1](#F1){ref-type="fig"}A) and a specific surface area of \~281 m^2^/g (Figure [S1](#SM0){ref-type="supplementary-material"}). The hydrophobic SWNHs were simultaneously modified with poly (maleic anhydride-alt-1-octadecene) (C~18~PMH, MW 1051 Da) and methoxypolyethyleneglycol-b-poly-D, L-lactide (mPEG-PLA, MW 5K-5K Da) by assembling their hydrophobic sections with SWNHs in the aqueous media through hydrophobic-hydrophobic interactions, leaving the hydrophilic moieties (maleic anhydride and mPEG) extending externally. After modification, the average hydrodynamic size and zeta potential of the obtained nanohorns (designated as SWNHs/C~18~PMH/mPEG-PLA) were 130 ± 1.2 nm (Figure [1](#F1){ref-type="fig"}B) and -34.7 ± 1.8 mV (Table [S1](#SM0){ref-type="supplementary-material"}), respectively. SWNHs/C~18~PMH/mPEG-PLA was highly stable under physiological conditions and no precipitates were observed following centrifugation at a speed of 12,857 ×g for 1 h (Figure [S2](#SM0){ref-type="supplementary-material"}).

Next, DOX and cisplatin were sequentially loaded onto the modified SWNHs. As shown in Table [S2](#SM0){ref-type="supplementary-material"}, the drug-loading capacity (DLC) of DOX on 0.5 mg of SWNHs/C~18~PMH/mPEG-PLA (1 mL) steadily increased with increasing DOX concentration, with a high drug-loading efficiency (DLE, \>80%) at each concentration investigated. Next, cisplatin was loaded onto the DOX-loaded SWNHs/C~18~PMH/mPEG-PLA (SWNHs/C~18~PMH/mPEG-PLA-DOX). Separate from DOX loading, the DLC of cisplatin on the same amount of modified SWNHs increased initially and then plateaued with further increases in cisplatin concentration, while the DLE gradually decreased. It has been reported that a higher cisplatin/DOX-loading molar ratio could produce a better synergetic chemotherapeutic effect at a lower drug concentration [@B14]. Therefore, cisplatin and DOX at the maximum molar ratio of 2.9 were loaded for the following studies, corresponding to 0.22 mg of DOX and 0.33 mg of cisplatin loaded onto 0.5 mg of modified SWNHs. The different loading profiles of DOX and cisplatin may arise from their distinct loading mechanisms. DOX loading can be achieved *via* hydrophobic-hydrophobic interactions and a π-π stacking interaction between the anthraquinone ring of DOX and the SWNHs, similar to that observed for single-walled carbon nanotubes (SWCNT), multi-walled carbon nanotubes (SMWCNT), graphene oxide (GO), and fullerenes [@B38]-[@B42]. Cisplatin loading, however, was through the coordination of \[(NH~2~)~2~Pt(H~2~O)~2~\]^2+^ with carboxylic groups from the hydrolyzed anhydride in C~18~PMH [@B43], [@B44]. When the carboxylic groups in the modification layer were consumed, cisplatin loading would saturate. After cisplatin loading, the zeta potential of the dual drug-loaded SWNHs, designated as SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt, was -14.0 ± 1.1 mV (Table [S1](#SM0){ref-type="supplementary-material"}). Transmission electron microscopy (TEM) images revealed that SWNHs/C~18~PMH/PLA-PEG-DOX-Pt were relatively monodisperse (Figure [1](#F1){ref-type="fig"}C). The average hydrodynamic size of SWNHs/C~18~PMH/PLA-PEG-DOX-Pt was 182 ± 3.2 nm, and the system was highly stable under physiological conditions (RPMI-1640 cell culture media with 10% fetal bovine serum (FBS); Figure [1](#F1){ref-type="fig"}D). In addition, single drug-loaded SWNHs containing either DOX or cisplatin at the same loading capacity as that used for dual drug-loaded SWNHs, termed SWNHs/C~18~PMH/PLA-PEG-DOX and SWNHs/C~18~PMH/PLA-PEG-Pt, respectively, were also prepared and characterized as controls.

### Drug Release

The release of DOX and cisplatin was studied by suspending SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt in phosphate buffered saline (PBS) at different pH levels at 37 °C. As shown in Figure [2](#F2){ref-type="fig"}, both DOX and cisplatin exhibited pH-sensitive release behavior. However, DOX release was more rapid and culminated in a relatively short term. The cumulative release within 6 h was determined to be 67.12%, 40.31%, 15.82%, and 13.05% at pH values of 3.8, 5.5, 7.4, and 9.0, respectively. The release might have been triggered by the reduction in π-π linkages between DOX and SWNHs in acidic media while being stable under neutral and alkaline conditions [@B45]. In contrast, cisplatin release was more sustainable under the same conditions. Compared with DOX, the cumulative release within 6 h was only 12.13% and 3.86% at pH 3.8 and 5.5, respectively, and negligible at pH 7.4 (2.14%) and 9.1 (1.58%). The slower release of cisplatin may have resulted from its immobilization onto the nanohorns *via* strong coordination bonds. At a pH similar to the intracellular microenvironment (pH = 5.5) [@B46], [@B47], 45.75% of DOX and 15.14% of cisplatin was released over 24 h. It has been reported that tumor cells develop drug resistance during chemotherapy with DOX [@B8], [@B9] and the DOX-resistant cells might be killed by cisplatin subsequently released from SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt [@B8], [@B12], [@B14]. Therefore, the tandem release of DOX and cisplatin might be favorable for cancer therapy: once the nanocarriers are taken up by cancer cells, the system can rapidly respond to tumors in a sustained manner [@B46], [@B47].

Interestingly, it was observed that the UV-Vis signal of DOX at 480 nm was quenched after the drug was loaded onto SWNHs and recovered once released (Figure [S3](#SM0){ref-type="supplementary-material"}). The quenching of DOX fluorescence signal was caused by the strong absorption of SWNHs, leading to energy transfer from DOX to SWNHs [@B48], [@B49]. A similar phenomenon has also been observed when DOX was loaded on PAA-Co~9~Se~8~ nanoplates [@B23], multi-walled carbon nanotube [@B42], [@B48] and graphene oxide [@B49]. This phenomenon generated a switch-on fluorescence signal at the tumor site upon the release of DOX from SWNHs at acidic pH, thus providing a flexible method to observe the cellular uptake of SWNHs (Figure [S4](#SM0){ref-type="supplementary-material"}).

### Photothermal Conversion Performance

Next, we evaluated the photothermal performance of the dual drug-loaded SWNHs by illuminating a water suspension of the system (400 μL) at a concentration of 50 μg/mL using an 808 nm laser at different laser power densities, or various concentrations (0-100 μg/mL) with a fixed laser power density of 1 W/cm^2^. The temperature of the suspensions was monitored using a digital thermometer with a thermocouple probe submerged in the solution. As shown in Figure [3](#F3){ref-type="fig"}A and B, the photothermal conversion performance was dependent on laser power, SWNH concentration, and irradiation time, similar to other photothermal agents frequently reported [@B22], [@B23], [@B38], [@B42]. When the concentration of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt was 50 µg/mL with irradiation at a laser power of 2 W/cm^2^ for 10 min, the temperature of the suspension reached as high as 86.9 °C, significantly higher than that required for tumor ablation [@B22], [@B23], [@B50]. More significantly, the SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt system was shown to be thermostable. Following six cycles of laser on/off tests and irradiation at a power density of 1 W/cm^2^ for 5 min (300 J/cm^2^) with a SWNH concentration of 50 μg/mL (Figure [3](#F3){ref-type="fig"}C and D), the temperature of the resultant suspension could recover to the initial value (64.4 ± 0.6 °C), and no aggregates were subsequently observed. The characteristics of these dual drug-loaded SWNHs allowed optimal temperature elevation by adjusting SWNH concentration, laser power density, or illumination time to maximize the effect on tumor ablation.

*In Vitro* Cytotoxicity of Dual Drug-Loaded Nanohorns
-----------------------------------------------------

### Synergetic Chemotherapy with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt

To evaluate the chemotherapeutic effect of the dual drug-loaded SWNHs, 4T1 cells, a murine breast cancer cell line with a high rate of recurrence and metastasis [@B51], [@B52], were seeded into 96-well plates and treated with SWNHs/C~18~PMH/mPEG-PLA, SWNHs/C~18~PMH/mPEG-PLA-DOX, SWNHs/C~18~PMH/mPEG-PLA-Pt, or SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt at different doses (by SWNHs) for 24 h. After treatment, cell viability was evaluated by cell count kit-8 (CCK-8) assay (Figure [4](#F4){ref-type="fig"}A). SWNHs/C~18~PMH/mPEG-PLA alone did not exhibit an obviously cytotoxic effect, which may be attributable to the unique catalyst-free preparation of SWNHs [@B53]. However, both dual and single drug-loaded SWNHs demonstrated dose-dependent cytotoxicity. SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt and SWNHs/C~18~PMH/mPEG-PLA-DOX significantly induced cell death at a dose as low as 1 μg/mL, with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt being more potent (cell viability: 73.0% ± 2.9% vs. 88.5% ± 7.5%, p \< 0.001). For cisplatin-loaded SWNHs (SWNHs/C~18~PMH/mPEG-PLA-Pt), significant cell death was observed at a dose of 5 µg/mL (cell viability: 79.7% ± 5.3%). These observations indicated that the dual drug-loaded SWNHs were more potent than the single drug-loaded system, and that SWNHs loaded with DOX were more effective than those loaded with cisplatin at a relatively lower concentration. Indeed, the IC~50~ (half-maximal inhibitory concentration) values of SWNHs/C~18~PMH/mPEG-PLA-DOX, SWNHs/C~18~PMH/mPEG-PLA-Pt, and SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt were 3.01, 3.78, and 1.37 µg/mL, respectively, which were 1.4-, 1.9-, and 1.4-fold lower than the free DOX, cisplatin, and DOX/cisplatin combination (Figure [S5](#SM0){ref-type="supplementary-material"}). To illustrate the mechanism of the loaded drug effect on tumor cell viability, the combination index (CI), equal to C~1~/C~x1~ + C~2~/C~x2~, was calculated [@B9], [@B14]. The CI value of the dual drug-loaded SWNHs was 0.439, which indicated a synergistic therapeutic effect. These observations were consistent with previous findings that cocktail chemotherapy with DOX and cisplatin has a synergetic therapeutic effect on cancer cells [@B9], [@B14], [@B54], [@B55]. Because DOX is released more rapidly than cisplatin (24 h at pH 5.5: 45.75% ± 5.61% vs. 15.14% ± 8.30%), it is reasonable to suggest that SWNHs/C~18~PMH/mPEG-PLA-DOX were more effective at cell killing than SWNHs/C~18~PMH/mPEG-PLA-Pt at a relatively lower concentration. At a higher drug concentration (50 µg/mL), however, the difference in tumor cell killing between single and dual drug-loaded SWNHs was marginal.

To further illustrate the synergetic therapeutic effect of the dual drug-loaded SWNHs, 4T1 cells were treated with single or dual drug-loaded SWNHs at a dosage of 10 µg/mL (DOX = 4.4 µg/mL; cisplatin = 6.6 µg/mL) for 24 h. Subsequently, the culture media was removed, and the cells were maintained in fresh media for another 24 h. As shown in Figure [4](#F4){ref-type="fig"}B, cell viability was decreased compared with that of cells evaluated immediately after the treatment, and cells treated with dual drug-loaded SWNHs were completely ablated, even where cells were cultured in normal media. The therapeutic effect of DOX and cisplatin was more clearly observed by the histological examination of treated cells. As shown in Figure [4](#F4){ref-type="fig"}C, after the treated cells were maintained for 24 h, DOX (red florescence) was released from the system and cisplatin interacted with DNA, inducing cellular DNA damage (green florescence). For the dual drug-loaded SWNHs, the fluorescence signals from both DOX and cisplatin overlapped with that of DAPI (nuclear stain), indicating the simultaneous interaction of DOX and cisplatin with cellular DNA. Twenty-four hours after incubation, nuclei had shrunk considerably and few cells were observed in the culture dishes (Figure [4](#F4){ref-type="fig"}C, lower row).

### Thermotherapy Potential Assay

To evaluate the potential of SWNHs for cell PTT, 4T1 cells were treated with 10 μg/mL of drug-free SWNHs and irradiated with an 808 nm laser at 0.4 W/cm^2^ for different time intervals (3, 5 and 10 min). The treated cells were stained with calcein AM and propidium iodide (PI) to indicate the live and dead cells. As shown in Figure [5](#F5){ref-type="fig"}, cell death was negligible after 3 min irradiation and apparent after exposure for 5 min. Virtually no live cells were observed in the exposure area after laser irradiation for 10 min. These findings indicated that SWNHs had a strong thermal therapeutic effect on cancer cells and had potential for PTT in cancer.

### Chemo-Photothermal Combination Therapy *In Vitro*

Motivated by the highly effective cocktail chemotherapy and single PTT findings, we evaluated the potential of chemo-photothermal synergetic therapy of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt on tumor cells. 4T1 cells treated with different doses of dual drug-loaded SWNHs for 24 h and illuminated with an 808 laser for 3 min at 0.4 W/cm^2^ (72 J/cm^2^). After treatment, cells were further maintained for 24 h, and cell viability was evaluated by CCK-8 assay. Photothermal treatment of cells incubated with drug-free SWNHs had a marginal effect on cell viability at concentrations below 10 μg/mL (Figure [6](#F6){ref-type="fig"}). However, the viability of cells incubated with dual drug-loaded SWNHs was 73.0% ± 2.9% at a dose of 1 μg/mL, and was significantly reduced after chemo-thermal combination therapy (50.3% ± 1.5%, p \< 0.01). This phenomenon was also observed at doses of 5 and 10 μg/mL. The CI of chemo-photothermal combination therapy was determined to be 0.396. (Figure [S5](#SM0){ref-type="supplementary-material"}). In line with previous reports, these observations indicated that chemo-photothermal combination therapy has a synergetic therapeutic effect in cancer treatment [@B22], [@B23], which may result from the fact that the temperature rise, though insufficient to kill tumor cells, can increase cellular sensitivity to chemotherapeutic drugs, thus leading to enhanced antitumor effects [@B56].

It is worth noting that, compared with previous reports on chemo-thermal therapy that frequently apply high drug doses or relatively high laser powers [@B57]-[@B59], chemo-photothermal therapy with our dual drug-loaded SWNHs at a dose of 1 μg/mL in combination with 0.4 W/cm^2^ laser exposure was sufficient for tumor cell killing. Lower doses and laser power densities are beneficial in cancer treatment, as they not only reduce the systemic toxic effects of chemotherapy but also avoid skin burning or normal tissue damage by laser irradiation. These results supported the higher cytotoxic efficiency of the combined therapy than that of PTT or chemotherapy alone.

*In Vivo* Chemo-Photothermal Combination Therapy
------------------------------------------------

### Photoacoustic Imaging

Tumor accumulation is a major limitation of chemotherapeutic drug delivery in the treatment of solid tumors [@B5], [@B46]. To identify the accumulation of dual drug-loaded SWNHs in tumors and optimize the incubation time for thermal therapy, photoacoustic imaging of tumors was initially performed in five mice intravenously injected with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt at a dose of 10 mg/kg body weight (b.w., in SWNHs). As shown in Figure [7](#F7){ref-type="fig"}A, PAI revealed that tumor accumulation of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt increased with increased circulation time. Twenty-four hours after injection, tumor accumulation of nanohorns was pronounced. Nanohorns were mainly observed in tumor vessels initially, and then gradually permeated into the tumor parenchyma (Figure [7](#F7){ref-type="fig"}A, S6). Consistent with PAI observations, the corresponding PA signal intensity in tumor regions also increased steadily (Figure [S6](#SM0){ref-type="supplementary-material"}). Upon visual inspection, the tumor sites also appeared dark at 24 h post-injection (Figure [7](#F7){ref-type="fig"}B).

To corroborate the observations of PAI histologically and evaluate the possible chemotherapeutic effects of the loaded drugs at an early time point, mice were sacrificed after PAI. Tumors were harvested and tumor tissues were examined microscopically, indicating that nanohorns were deposited in the tumors and DOX was released from the SWNH carrier. Immunohistological staining against γH2AX indicated that cisplatin had induced dsDNA breakage (Figure [7](#F7){ref-type="fig"}C).

### Chemo-Photothermal Combination Therapy

Next, we examined the potential of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt for chemo-photothermal combination therapy of tumors *in vivo.* For this purpose, we first optimized the laser power intensity used for thermal therapy *in vivo*. Mice bearing 4T1 tumors were intravenously injected with dual drug-loaded SWNHs at a dosage of 10 mg/kg b.w. (in SWNHs), and 24 h post-injection, laser irradiation was performed at different power densities for different periods of time. The temperature at the tumor sites was monitored with an IR thermal camera. As shown in Figures S7 and S8, temperature elevation was mainly laser power dependent and rapidly rose to \~60 °C after irradiation at 1 W/cm^2^ for 5 min (300 J/cm^2^). It has been reported that temperatures above 50 °C are sufficiently high for tumor ablation [@B22], [@B23], [@B50]. Therefore, the laser power intensity of 1 W/cm^2^ and irradiation for 5 min was used as an optimum condition for the subsequent thermal treatment of tumors.

For chemo-photothermal combination therapy, mice bearing 4T1 tumors (\~300 mm^3^ in volume) were divided into five groups with 13 mice in each group: (1) PBS + laser, (2) SWNHs/C~18~PMH/mPEG-PLA, (3) SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt, (4) SWNHs/C~18~PMH/mPEG-PLA + laser, and (5) SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt + laser. The drug-free and drug-loaded SWNHs were intravenously injected at a dosage of 10 mg/kg b.w. (in SWNHs) only once, corresponding to 4.4 mg DOX/kg b.w. and 6.6 mg cisplatin/kg b.w., doses that were lower than those used in clinical applications [@B6], [@B7], [@B60].

As shown in Figure [8](#F8){ref-type="fig"}A, following irradiation at the optimized conditions, the temperature at the tumor sites of mice treated with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt and SWNHs/C~18~PMH/mPEG-PLA elevated rapidly and reached 60.9 °C and 61.6 °C, respectively. For the mice receiving PBS, however, temperature elevation was unnoticeable. After thermal treatment, three mice from each group were sacrificed, tumors were harvested, and tumor tissues were stained by hematoxylin and eosin (H&E) to examine the therapeutic effect immediately after treatment. The tumor cells grew densely in the PBS + laser, SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt, and SWNHs/C~18~PMH/mPEG-PLA treatment groups, while in the SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt + laser and SWNHs/C~18~PMH/mPEG-PLA + laser treatment groups, they contracted severely and the tumors became loose and fragile (Figure [8](#F8){ref-type="fig"}B). These results, consistent with previous reports [@B22], indicated that thermal therapy with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt could damage tumors immediately after treatment.

Following treatment, the remaining mice were followed for up to 65 days, during which time tumor sizes were measured and mouse survival recorded. Compared with the PBS + laser and SWNHs/C~18~PMH/mPEG-PLA groups, which exhibited approximately 13.5- and 12.5-fold increases in tumor volume, tumor growth in the SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt treatment group was significantly suppressed, with an approximately 6.3-fold increase in tumor volume (p \< 0.01, Figure [8](#F8){ref-type="fig"}C). However, for the SWNHs/C~18~PMH/mPEG-PLA + laser and SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt + laser treatment groups, the tumors began to shrink immediately after laser exposure and were completely ablated by 16 days after treatment. However, single thermal treatment (SWNHs/C~18~PMH/mPEG-PLA + laser) did not prolong the survival of mice, similar to the PBS + laser and SWNHs/C~18~PMH/mPEG-PLA treatment groups. In contrast, dual drug chemotherapy (SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt) and chemo-photothermal combination therapy (SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt + laser) significantly extended the life span of mice. For chemo-photothermal combination therapy in particular, all mice had survived by 65 days after treatment (Figure [8](#F8){ref-type="fig"}D).

### Pharmacokinetics, Biodistribution, and *Ex Vivo* DOX Fluorescence Imaging

4T1 cell is a murine breast cancer cell line with a high rate of recurrence and metastasis, particularly to the lung [@B51], [@B52], [@B61]. To investigate whether mouse death was related to tumor metastasis, we examined the lungs histologically using H&E staining before treatment and with India ink staining after treatment for mice who had died during the maintenance period. Consistent with previous findings [@B62]-[@B64], all mice were found to have developed lung metastases two week after tumor implantation (Figure [8](#F8){ref-type="fig"}E). Treatment with PBS + laser or SWNHs/C~18~PMH/mPEG-PLA did not ablate the metastatic nodules or inhibit further tumor metastasis (Figure [9](#F9){ref-type="fig"}A). Although the primary tumors were completely eradicated at 16 days post-thermal treatment in the SWNHs/C~18~PMH/mPEG-PLA + laser group, 80% of mice suffered tumor recurrence or lung metastasis. Combination chemotherapy with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt largely ablated or inhibited tumor metastasis, and only 40% of mice in this group developed lung metastases. However, tumor metastatic nodules or recurrence was not found in the SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt + laser treatment group. Chemo-photothermal combination therapy with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt not only eliminated the primary tumors and metastatic nodules that already existed prior to treatment but also suppressed tumor recurrence *in situ* and further metastasis to the lung. Recently, it has been reported that photothermal treatment of tumors could largely evoke host immunity and induce the abscopal effect and long-term immune-memory effect, leading to inhibition of tumor growth at distant sites and prevention of tumor recurrence [@B20], [@B21], [@B63]. Therefore, we speculated that in addition to dual-drug chemotherapy, the immune response induced by thermal treatment of the primary tumors might partially contribute to the elimination of their lung metastases. However, further efforts are warranted to understand the mechanisms.

To provide a further insight into why SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt + laser had a superior therapeutic efficacy, the blood half-life and biodistribution of the nanohorns were evaluated. For both studies, six mice were intravenously administered SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt at a dosage of 10 mg/kg b.w. (in SWNHs) and blood samples were collected from the tail veins of three mice at different time points. The half-life of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt by PA signal intensity was fitted to a two-compartment bolus intravenous injection model and determined using bi-exponential nonlinear regression [@B65], [@B66]. As shown in Figure [9](#F9){ref-type="fig"}B, the elimination half-life of dual drug-loaded SWNHs was 10.9 h. A prolonged blood circulation time has been shown to be beneficial for tumor accumulation of nanohorns through the EPR effect [@B32], [@B33], [@B67].

The bio-distribution of SWNHs in the major organs was studied *in vivo* using PAI and their accumulation in tumors was further examined *ex vivo* by fluorescence imaging at 24 h post-injection. For PAI, organs were first localized by ultrasound imaging before PAI was conducted and the signal intensities in each organ were measured. As shown in Figure [9](#F9){ref-type="fig"}C, SWNHs were mainly sequestered by the liver, similar to other nanoformulations [@B34], [@B68], [@B69], and moderately accumulated in tumors.

As demonstrated previously, an acid environment is favorable for DOX release from SWNHs and, once released, its fluorescence can be recovered. Therefore, after the bio-distribution study, the mice were sacrificed, major organs were removed, and*ex vivo* fluorescence imaging was conducted. As shown in Figure [9](#F9){ref-type="fig"}D, strong fluorescence was observed in both primary tumors and larger metastatic nodules excised from the lung. Even in smaller metastatic nodules, fluorescence signal was also discernible. The presence of metastatic nodules was verified by H&E staining of lung tissues after *ex vivo* fluorescence imaging (Figure [9](#F9){ref-type="fig"}E). However, no fluorescence signal was detected in other organs, despite the obvious accumulation of drug-loaded SWNHs as shown in the bio-distribution study. These phenomena may be ascribed to the marginal release of DOX observed under physiological conditions (pH 7.4). Our findings indicated that in addition to targeting the initial tumors, SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt were capable of simultaneously targeting lung metastatic nodules with high efficiency, a characteristic that may be attributable to its long blood half-life, unique structure, and favorable size for tumor targeting through the EPR effect [@B32], [@B33], [@B66].

Finally, we examined the potential toxic effects of the dual drug-loaded SWNHs. Major organs (heart, liver, spleen, lung, and kidney) from each treatment group were obtained from sacrificed mice. For the SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt + laser group, mice were sacrificed 65 days after treatment. Histological analyses revealed no noticeable organ damage or significant abnormalities except for the metastatic nodules observed in the lungs of animals in the PBS + laser, SWNHs/C~18~PMH/mPEG-PLA, SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt, and SWNHs/C~18~PMH/mPEG-PLA + laser treatment groups (Figure [10](#F10){ref-type="fig"}). These preliminary results indicated that SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt exhibited no obvious short-term toxicity in mice at the dose used in the present study.

Conclusion
==========

In summary, we have developed a robust, dual drug-loaded, chemo-photothermal theranostic system based on SWNHs, termed SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt, for PAI-guided tumor therapy. By rationally engineering the surface of SWNHs with C~18~PMH and mPEG-PLA, DOX and cisplatin could be sequentially loaded onto the nanohorns with high efficiency and lack of interference and released in a pH-responsive, tandem, and sustainable manner. More significantly, SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt demonstrated both dual drug chemotherapeutic and chemo-photothermal synergetic anti-tumor effects. As a result, tumor cells were completely ablated by chemo-photothermal therapy using relatively mild conditions. For solid tumor treatment, dual drug-loaded SWNHs exhibited prolonged blood circulation and could simultaneously and efficiently target both the primary tumors and their lung metastases. Consequently, chemo-photothermal treatment of primary tumors guided by PAI eradicated the primary and metastatic tumors. Our study demonstrates the considerable potential of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt for tumor chemo-photothermal combination therapy.

Materials and Methods
=====================

Synthesis and Characterization of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt
----------------------------------------------------------------

**Modification of single-walled nanohorns (SWNHs):** SWNHs were purchased from NEC Company (Tokyo, Japan) and modified simultaneously with maleic anhydride-alt-1-octadecene (C~18~PMH, MW 1051 Da) and methoxypolyethyleneglycol-b-poly-D, L-lactide (mPEG-PLA, MW 5K-5K Da). Specifically, C~18~PMH (5 mg) and mPEG-PLA (5 mg) were dissolved in 200 µL of tetrahydrofuran, into which 4 mL of deionized water was then added. The mixture was stirred for 1 h at room temperature under nitrogen gas to evaporate the tetrahydrofuran. Subsequently, SWNHs (1 mg) were suspended into the mixture and sonicated for 1 h at room temperature to yield a black suspension. The suspension was centrifuged at 12,857 ×g for 30 min to remove any large SWNH aggregates. The modified SWNHs, termed SWNHs/C~18~PMH/mPEG-PLA, were retrieved by ultrafiltration (Millipore, MWCO 100 K) and freeze-dried.

**DOX loading:** SWNHs/C~18~PMH/mPEG-PLA (0.5 mg) were suspended in 1 mL of DOX aqueous solution at different concentrations (0.5, 1, 1.5, and 2 mg/mL) and sonicated for 1 h. Next, the product was transferred to a dialysis bag (MWCO, 14 KDa) and dialyzed against deionized water overnight at room temperature to remove free DOX. The drug-loading capacity (DLC) and drug-loading efficiency (DLE) were evaluated spectrofluorometrically against known standards at an excitation wavelength of 480 nm and emission of 593 nm, and were determined according to the following equations [@B9], [@B14]:

DOX-loaded SWNHs/C~18~PMH/mPEG-PLA, designated as SWNHs/C~18~PMH/mPEG-PLA-DOX, were freeze-dried for further use.

**Cisplatin loading**: Cisplatin loading was performed according to previous reports [@B22], [@B43], [@B44]. First, cisplatin \[Pt(H~2~O)~2~(NH~3~)~2~\](Cl)~2~ was activated by silver nitrate to form \[(NH~2~)~2~Pt(H~2~O)~2~\](NO~3~)~2~. Subsequently, various amounts of \[Pt (H~2~O)~2~(NH~3~)~2~\]^2+^ were added into the SWNHs/C~18~PMH/mPEG-PLA-DOX suspension (1 mL, in tris-tricine buffer, pH = 8.3) and gently mixed for 1 h at room temperature. Free cisplatin was removed by dialysis (MWCO, 3 kDa) against PBS (pH = 7.4) overnight and quantified by inductively coupled plasma mass spectroscopy (ICP-MS, iCAP-Q, Thermo Scientific, USA). Accordingly, DLC and DLE were calculated. Moreover, the release of DOX during cisplatin loading and the subsequent dialysis was also measured and the contents of DOX and cisplatin in the final formulation were then determined. The dual drug-loaded SWNHs, SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt, were freeze-dried.

Single drug-loaded SWNHs, SWNHs/C~18~PMH/mPEG-PLA-DOX and SWNHs/C~18~PMH/mPEG-PLA-Pt, with the same DLC and DLE as those of the dual drug-loaded SWNHs, were also prepared according to the same procedure.

**Characterization**: The sizes and zeta potentials of the drug-free, single drug-, and dual drug-loaded SWNHs were characterized by dynamic light scattering (DLS, Malvern Zetasizer Nano ZSP, Malvern, United Kingdom) in deionized water at 25°C. Transmission electron microscopy (TEM) images were obtained from JEM-2011 (JEOL, Japan) at 200 kV. NIR absorption spectra were recorded with a NanoDrop 1000 (Thermo Scientific, Wilmington, USA) and UV/Vis/NIR spectrophotometer (F-2700, HITACHI, Tokyo, Japan).

Drug release *in vitro*
-----------------------

To determine the release profiles of DOX and cisplatin, lyophilized SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt (1 mg) was suspended in 1 mL of PBS (10 mM) at different pH values (3.8, 5.5, 7.4, and 9.0). The suspensions were transferred into dialysis tubing (MWCO, 1 KDa), soaked in 20 mL of PBS (10 mM) in glass vials, and maintained in a horizontal shaker at 37°C and 120 rpm. Next, 100 µL of dialysate from each sample was displaced with 100 µL of fresh PBS at the predefined time intervals. The amounts of DOX and cisplatin released from the SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt were measured using a UV-vis spectrophotometer (Thermo Scientific, USA) by absorbance at 480 nm and by ICP-MS, respectively.

The cumulative release of drug was calculated as described previously:

Where *C~n~* is the concentration of drug in the filtrate solution and *V* is the volume of supernatant taken each time (100 µL). *m~drug\ loaded~* represents the mass of drug loaded onto the SWNHs.

Photothermal performance of the dual drug-loaded SWHNs
------------------------------------------------------

To assess the photothermal performance of the dual drug-loaded SWNHs, lyophilized SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt were suspended into 400 μL of PBS at different concentrations (10, 30, 50, and 100 µg/mL in SWNHs) and illuminated with an 808 nm laser at a power intensity of 1 W/cm^2^, or at a concentration of 50 μg/mL and a series of power densities (0, 0.5, 1, and 2 W/cm^2^). A digital thermometer was used to monitor temperature change with a thermocouple probe submerged in the solution. To test the thermal stability of the probe, SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt (50 μg/mL) were irradiated six times with a power density of 1 W/cm^2^ for 5 min (300 J/cm^2^). The distance between laser lens and samples was set to 20 cm. The spot diameter was 0.5 cm. The laser power density was calibrated by photo radiometer PL-MW 2000 (Perfectlight CO., LTD., Beijing, China). These parameters were also used for the following *in vitro* experiments that involved photothermal therapy.

Synergetic Chemotherapy with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt
-----------------------------------------------------------

**Cell culture**: 4T1 cells, a murine breast cancer cell line, were cultured in Roswell Park Memorial Institute-1640 (RPMI-1640) medium with 10% FBS, 100 IU/mL penicillin, and 100 mg/mL streptomycin sulfate (PS) at 37 °C under a humidified atmosphere of 5% CO~2~.

**CCK-8 assay:** 4T1 cells were seeded into 96-well culture plates (1 × 10^4^ cells per well) and cultured with medium containing SWNHs/C~18~PMH/mPEG-PLA, SWNHs/C~18~PMH/mPEG-PLA-DOX, SWNHs/C~18~PMH/mPEG-PLA-Pt, or SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt at a series of concentrations (1, 5, 10, 20, or 50 μg/mL in SWNHs) for 24 h. Next, cell viability was determined using a Cell Counting Kit-8 (CCK-8) assay according to the manufacturer\'s instructions [@B22]. Briefly, after treatment, the culture medium was removed and cells were replenished with 100 μL of fresh RPMI-1640 medium containing 10 μL of CCK-8 regent. After incubation for another 1 h, the absorbance of each well was measured at 450 nm with a plate reader (PerkinElmer, Baltimore, MD). Cell viability was expressed as a percentage of the absorbance of cells incubated with the SWNHs to that of cells maintained in normal culture medium.

Accordingly, the IC~50~ values (half-maximal inhibitory concentration) of SWNHs/C~18~PMH/mPEG-PLA-DOX, SWNHs/C~18~PMH/mPEG-PLA-Pt, or SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt were determined from dose-response curves. IC~50~ values of free DOX, cisplatin, and DOX/cisplatin combination were also evaluated. The combination index (CI), which indicates the type of anticancer mechanism of the combined drugs, was calculated according to the formula CI = C~1~/C~x1~ + C~2~/C~x2~, where C~1~ and C~2~ are the concentrations of the first and the second drug required to achieve a certain effect in combination therapy, and C~x1~ and C~x2~ are the concentrations of the first and the second drugs that generate the identical effect alone. When CI \> 1, = 1, or \< 1, the two drugs are implied to have antagonistic, additive, or synergistic effects, respectively [@B9], [@B14], [@B70].

To further demonstrate the synergetic therapeutic effect of the two drugs, 4T1 cells were incubated with single drug-loaded or dual drug-loaded SWNHs at a dose of 10 µg/mL for 24 h. Subsequently, the culture media were removed and cells maintained in fresh media for another 24 h. Cell viability was examined by CCK-8 assay, as described above.

Histological studies of treated cells
-------------------------------------

To demonstrate the simultaneous therapeutic effect of DOX and cisplatin on tumor cells, 4T1 cells were seeded onto cover slips in 6-well plates and treated with SWNHs/C~18~PMH/mPEG-PLA-DOX, SWNHs/C~18~PMH/mPEG-PLA-Pt, or SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt at a dosage of 10 µg/mL for 24 h. After treatment, the cells were washed with PBS (pH 7.4) three times and maintained for 24 h in fresh culture medium. Next, cells were fixed with 4% paraformaldehyde. γH2AX is a biomarker of double-strand DNA breakage and is frequently used to evaluate the DNA damage induced by cisplatin [@B43], [@B71]. To examine the therapeutic effect of cisplatin, cells were immunostained for γH2AX as follows: Fixed cells were blocked with 10% goat serum in 0.5% Triton X-100 in PBS for 20 min. After three washes with PBS, cells were incubated with monoclonal antiphosphohistone γ-H2AX primary antibody (2 μg/mL; Millipore, Billerica, MA, USA) containing 1% bovine serum albumin (BSA) at 4 °C overnight. After washing with PBS (pH 7.4) three times, cells were further incubated with Alexa Fluor 488 goat anti-rabbit secondary antibody (1:300 dilution; Molecular Probes, Eugene, OR) for 1 h at room temperature. Cell nuclei were counterstained with DAPI. As DOX could recover its fluorescence following its release from SWNHs, the release of DOX in cells could be directly observed upon excitation at a wavelength of 480 nm. Cells were examined using a dark-field fluorescence microscope (Nikon ECLIPSE Ti-E, Tokyo, Japan).

Thermotherapy potential assay
-----------------------------

To evaluate the potential of the SWNHs for cell photothermal therapy, 4T1 cells were seeded onto cover slips in 6-well plates and treated with 10 μg/mL of SWNHs/C~18~PMH/mPEG-PLA for 24 h. Next, cells were washed with PBS three times, replenished with fresh culture medium, and illuminated with an 808 laser at 0.4 W/cm^2^ for 3, 5, or 10 min. After treatment, calcein AM (2 μM) and propidium iodine (PI) solutions (4 μM) were added to the cell culture media and incubated for 30 min. Finally, cells were washed with PBS three times and fluorescence imaging of cells was performed using a Nikon ECLIPSE Ti-E fluorescence microscope (Tokyo, Japan) with a 10× objective lens.

Chemo-photothermal combination therapy *in vitro*
-------------------------------------------------

To evaluate the potential chemo-photothermal synergetic therapy of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt on tumor cells, 4T1 cells were seeded onto 96-well plates and treated with different concentrations of the dual drug-loaded SWNHs (1, 5, 10, and 20 µg/mL in SWNHs) for 24 h. After treatment, culture media were removed and cells were washed with PBS three times and supplemented with fresh media (RPMI-1640, 200 µL/well). Subsequently, photothermal treatment was conducted by illuminating the treated cells with an 808 nm laser at a power density of 0.4 W/cm^2^ for 3 min (72 J/cm^2^). After treatment, cells were further maintained for 24 h and cell viability was evaluated by CCK-8 assay, as described previously. The chemo-photothermal combination index was calculated according to the formula CI = C~1~/C~x1~ + C~2~/C~x2~, where C~1~ and C~2~ are the concentration of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt to achieve a certain effect in combination therapy, and C~x1~ and C~x2~ are the concentrations of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt and the drug free SWNHs (SWNHs/C~18~PMH/mPEG-PLA) that generate the identical effect alone [@B70], [@B72].

*In Vivo* Chemo-Photothermal Combination Therapy
------------------------------------------------

### Animal model

All animal experiments were performed in compliance with the National Regulations for the Administration of Affairs Concerning Experimental Animals and approved by the animal protection and care committee of Shanghai Jiao Tong University. Female balb/c mice were purchased from Slac Laboratory Animal Co. Ltd. (Shanghai, China) and housed under standard conditions at 20 ± 2 °C and 60% ± 10% relative humidity with a 12 h light/dark cycle. When the mice reached about 20 g in weight, tumor xenografts were generated by the subcutaneous injection of 4T1 cells (2 × 10^5^) into the right flank of mice. Tumor size was measured using calipers and the volume was calculated according to the following equation [@B22]:

When tumor volumes reached \~300 mm^3^ (approximately 2 weeks after tumor implantation), the following experiments were carried out.

### Photoacoustic imaging

To evaluate the tumor accumulation of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt and optimize the time point for thermal treatment of tumors, photoacoustic imaging (PAI) of tumors was conducted using the Nexus128 (Endra Co. Ltd., MI, USA) and Vevo 3100 (Visualsonics, Fujifilm, Tokyo, Japan) PAI systems. Six mice, three for each PAI system, were intravenously injected with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt at a dose of 10 mg/kg b.w. (in SWNHs). After injection, mice were scanned at different time intervals (0, 1, 4, and 24 h). The data were collected and analyzed by software provided by the manufacturers to reconstruct the tumor images. Photoacoustic signals of oxy/deoxy-hemoglobin and tissue before injection were used as controls.

After imaging, the mice were euthanized and tumors were harvested to histologically examine the accumulation of dual drug-loaded SWNHs. Tumors were fixed with paraformaldehyde (4%), imbedded in paraffin, and sliced into 6 μm thick sections. The sections were dewaxed in xylene and dehydrated in ethanol. Some slices were examined under bright-field microscopy. To determine whether cisplatin exerted a therapeutic effect, some tumor slices were stained for γH2AX using the same procedure as that described above for cell staining.

### Chemo-photothermal combination therapy

Before performing photothermal therapy, the laser power intensity used for the therapy was optimized *in vivo*. Three 4T1 tumor-bearing mice were intravenously injected with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt at a dose of 10 mg/kg b.w. (in SWNHs), and 24 h post-injection, an 808 nm laser was used to expose the tumors to a series of power densities (0, 0.5, 1, and 2 W/cm^2^) for different periods of time. The distance between laser lens and tumors was set to 20 cm and the laser spot diameter was 1 cm. The temperature at the tumor sites was monitored using an IR thermal camera (S6, IRS Co. Ltd., Shanghai, China).

For chemo-phototherapy, 4T1 tumor-bearing mice were divided into five groups with 13 mice in each group: (1) PBS + laser, (2) SWNHs/C~18~PMH/mPEG-PLA, (3) SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt, (4) SWNHs/C~18~PMH/mPEG-PLA + laser, and (5) SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt + laser. Both the drug-free and drug-loaded SWNHs were intravenously injected *via* the tail vein at a dose of 10 mg/kg b.w. (in SWNHs, corresponding to 4.4 mg DOX/kg b.w. and 6.6 mg cisplatin/kg b.w. for drug-loaded ones). Twenty-four hours post-injection, the tumors were irradiated with an 808 nm laser at a power density of 1 W/cm^2^ for 5 min (300 J/cm^2^). An IR thermal camera (IRS System Inc., Shanghai, China) was used to record the temperature change in the tumor region. After treatment, tumor growth and mouse survival were monitored.

### Pharmacokinetics, bio-distribution, and*ex vivo* DOX fluorescence imaging

Three 4T1 tumor-bearing mice were intravenously injected with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt at a dose of 10 mg/kg b.w. (in SWNHs). To determine the blood half-life of the probe, blood samples (20 µL) were collected from the tail vein at different time points after injection and placed in plastic capillary tubes. PAI was performed using the Vevo 3100 system (Visualsonics Fujifilm, Tokyo, Japan) and the signal intensity of each sample was analyzed. The signal intensity half-life of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt was fitted to a two-compartment bolus intravenous injection model [@B65] and determined using bi-exponential nonlinear regression with graphing software (GraphPad Prism 7.0) [@B65], [@B66].

For the bio-distribution study, three tumor-bearing mice were intravenously injected with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt at a dose of 10 mg SWNHs/kg b.w. Twenty-four hours after injection, PAI was carried out in tumors and major organs (liver, spleen, lung, kidney, and skin) using a VevoLAZR 3100 system. The organs were located with an ultrasound imaging device integrated to the system and the signal intensity of each organ, representing the relative distribution of the probe, was recorded [@B73], [@B74].

For *ex vivo* fluorescence imaging, the mice were sacrificed after the bio-distribution study. Tumors and major organs (heart, liver, spleen, lung, and kidney) were removed and fluorescence imaging were conducted using an Amiview X imaging system (Spectral Instruments Imaging Co. Ltd., Tucson, AZ, USA) at the excitation wavelength of DOX (480 nm).

India ink staining of lung
--------------------------

To identify potential lung metastases, five mice were randomly selected and sacrificed immediately after the injection of India ink (15%) into the lungs through the trachea [@B61]. Subsequently, the lungs were collected, soaked in Fekete\'s solution (50 mL of 70% alcohol, 5 mL of formalin, and 2.5 mL of glacial acetic acid) at room temperature for 2-3 days, and photographed. White spots on black-stained lungs were determined as tumor metastasis sites.

Histological examination
------------------------

Major organs (heart, liver, spleen, lung, and kidney) from each treatment group were harvested when mice died or after mice were sacrificed (SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt + laser group). For histological examination, the organs were fixed in 4% formalin, imbedded in paraffin, and processed for hematoxylin and eosin (H&E) (Aladdin, Ontario, CA, USA) staining according to the protocol provided by the manufacturer and previous reports [@B75]. Tissue slices were examined under a digital microscope (Nikon ECLIPSE Ti-E, Tokyo, Japan).

Statistical evaluation
----------------------

Data from each experiment are expressed as mean ± standard deviation (n = 3). Statistical analysis was conducted using Student\'s *t* test. A *p* value of \<0.05 was considered to indicate significant differences between groups.
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![Schematic illustration of the preparation of dual drug-loaded SWNHs.](thnov08p1966g001){#SC1}

![Characterization of drug-free and the drug-loaded SWNHs. A, C) Transmission electron microscopy image of pristine SWNHs (A) and SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt (C). Insets show the solubility of SWNHs in PBS before modification and after drug loading. B, D) Size distribution and stability of modified and drug-loaded SWNHs in RPMI-1640 medium.](thnov08p1966g002){#F1}

![A, B) Release profiles of DOX and cisplatin from SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt at various pH values and 37 ºC.](thnov08p1966g003){#F2}

![Photothermal performance of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt. A, B) Temperature elevation curves of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt suspensions at a concentration of 50 µg SWNHs/mL, exposed to an 808 nm laser at various power densities (A) or various concentrations exposed to 1 W/cm^2^ (B). C) Real-time temperature measurement of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt suspensions (50 µg SWNHs/mL, 400 µL) under cycle laser irradiation (1 W/cm^2^) for six cycles. Each cycle consisted of 5 min irradiation followed by a cooling phase. D) Thermographic images of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt (50 μg SWNHs/mL) in centrifuge tubes after 808 nm laser irradiation at 1 W/cm^2^ for 5 min (upper row) and recovery at room temperature with the laser off for a further 5 min (lower row).](thnov08p1966g004){#F3}

![Synergetic chemotherapy with SWNHs/C~18~PMH/mPEG-PLA-DOX in 4T1 cells. A) Viability of 4T1 cells after treatment with drug-free or drug-loaded SWNHs at different dosages (1, 5, 10, 20, and 50 μg SWNHs/mL) for 24 h. B) Viability of treated cells maintained in fresh culture medium for another 24 h. C) Fluorescence images of treated cells following maintenance in fresh culture medium for 24 h. \*\* p \< 0.01.](thnov08p1966g005){#F4}

![Fluorescence images of 4T1 cells co-stained with calcein AM (green) and PI (red). Cells were incubated with SWNHs/C~18~PMH/mPEG-PLA (10 μg SWNHs/mL) for 24 h and irradiated with an 808 nm NIR laser at 0.4 W/cm^2^ for various time intervals. Scale bar is 100 µm.](thnov08p1966g006){#F5}

![Chemo**-**photothermal combination therapy in 4T1 cells. For photothermal treatment, an 808 nm laser was used and the irradiation was conducted at a power density of 0.4 W/cm^2^ for 3 min. After treatment, cells were further maintained for 24 h and cell viability was evaluated by CCK-8 assay. \*\* p \< 0.01.](thnov08p1966g007){#F6}

![Tumor accumulation of dual drug-loaded SWNHs. A, B) Photoacoustic imaging of tumors at different time intervals after mice were intravenously injected with SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt (10 mg SWNHs/kg body weight) and photographs of tumors 24 h post-injection. C) Histological studies of tumor tissues 24 h post-injection. Scale bar is 100 µm.](thnov08p1966g008){#F7}

![Chemo-photothermal combination therapy in tumors. A) Infrared thermographic maps of tumors exposed to an 808 nm laser at 1 W/cm^2^ 24 h after tumor-bearing mice were intravenously injected with PBS, SWNHs/C~18~PMH/mPEG-PLA, or SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt (10 mg SWNHs/kg body weight). B) H&E staining of tumor tissues immediately after laser treatment. Scale bar: 100 µm. C) Relative tumor size and D) survival of mice in different treatment groups. E) H&E staining of lung tissues before treatment. Mice had already developed lung metastases prior to treatment. Scale bar is 100 µm.](thnov08p1966g009){#F8}

![A) India ink staining of lungs from different treatment groups. Scale bar is 1 cm. B) Blood circulation time and C) bio-distribution of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt evaluated by PAI. D) *Ex vivo* fluorescence images of major organs and tumors 24 h post injection of SWNHs/C~18~PMH/mPEG-PLA-DOX-Pt. E) H&E staining of lung tissues after fluorescence imaging. The metastatic nodules can be clearly observed. Scale bar is 100 μm.](thnov08p1966g010){#F9}

![H&E staining of major organs from mice in different treatment groups. Scale bar is 100 µm.](thnov08p1966g011){#F10}
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